Introduction
Protecting reactive metals by covering their surface with an organic coating is a smart way to take advantage of the mechanical properties of metals such as steel or aluminium while preventing them from corrosion and also introducing one or multiple requested surface properties in one step (Malik et al., 1999) . Organic coatings are widely used to control the corrosion of steel structure, and thus to maintain appearance and to prevent loss of structural integrity. Thus, organic coatings should isolate metals from the corrosive environments (Park et al., 2003) . Corrosion of a polymer-coated metal requires penetration of water molecules, ions and oxygen to the interface. An even visibly non-damaged film shows an onset of corrosion after a certain time. Thus, the diffusion of these species probably follows into small pores or pathways within the polymer that facilitate this transport. Besides, the fact that corrosion starts on a metal surface and the progress of corrosion happens at the interface between the metal and the polymer makes electrochemical methods as the most suitable tools to understand the corrosion of organic coatings on reactive metals (Malik et al., 1999) .
Currently, electrochemical impedance spectroscopy (EIS) is one of the most commonly reproduced methods for evaluation of coating corrosion protective properties, and it is considered as the electrochemical studies of coatings. EIS allows the study of coating degradation, as they are exposed to an aggressive environment, and, using appropriate equivalent circuits models, EIS data can give information about intrinsic coating properties and electrochemical behaviour at the metal/ coating interface (Grundmeier et al., 2000) . EIS has found widespread application in coating technology. The availability of modern instrumentation to obtain impedance data as well as computer program to interpret the results has made the technique popular (Malik et al., 1999) .
EIS is very suited to the study of polymeric coated metals. From experimental data, it is possible to establish relationship of different physico-chemical parameters with the values of the corresponding components of the equivalent electric circuit and obtain trend towards degradation, water absorption, porosity and corrosion rate. The latter can be evaluated as a function of natural or artificial degradation phenomenon including mechanical deformation (Malik et al., 1999) . The qualitative and quantitative data can be obtained from EIS using applied signal wave via three electrodes known as working electrode (WE), counter electrode (CE) and reference electrode (RE) (Naderi et al., 2004; Dhoke and Khanna, 2012 ). The applied current passes through WE and CE while potential is taken between RE and WE. In this study, the performance of copper (Cu)-and copper oxide
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(CuO)-based coating system was analysed using EIS measurements. In most of the antifouling coatings, Cu has been used for many centuries as metal coating itself. Due to the cost of materials, there is a need to think about to reduce the use of metals. Research has been started to use organic materials to blend with Cu metal. Another substitute is the oxide of copper (CuO). This can be used to enhance the antifouling properties and also as anticorrosion pigment. These metal/metal oxides were used as biocides which can prevent the adhesion of microorganism growth on the surface of coated panel and will enhance the corrosion resistance of the coating system (Yebra et al., 2004; Singh and Turner, 2009 ). The objective of this research work is to analyse the coating behaviour in corrosion environment as well as to evaluate the best percentage amount of copper oxide and copper needed for organic coating in order to prevent the corrosion degradation.
Materials and methods

Samples preparation
Two different types of resin were used to form binder systems which are polyester and epoxy. The polyester resin was obtained from Bayer Material Science while the epoxy resin was purchased from Nan Ya Plastics Corporation. Both of the resins were mixed together and dissolved in xylene solution. The binder system of polyester-epoxy was prepared in the weight percentage of 90 per cent for polyester (P) while 10 per cent for epoxy (E), which was coded as 90P10E. The 90P10E polyester-epoxy binder systems were then mixed with copper oxide and copper, respectively, to form polyester-epoxycopper oxide and polyester-epoxy-copper coating system by varying the weight percentage of polyester and epoxy resin ratios as presented in Tables I and II. The two coating systems were stirred for few hours to get the homogenous solutions. The copper oxide (CuO) and copper (Cu) used were from Sigma Aldrich. Polyisocyanate (NCO), which acts as hardener for polyester (Huybrechts and Tanghe, 2007) was then added to the mixture of different coating systems, as it cannot cross-link without the addition of NCO. The polyisocyanate used was Desmodur type of Bayer Material Science. The amounts of NCO added were calculated based on equation below:
Mild steel panels were used as panel substrate in this study. Solvent degreasing as one of the panel surface treatment was done in order to remove the presence of grease and dust before being sandblasted using sand grains. The coating solutions of polyester-epoxy-copper oxide and polyester-epoxy-copper were then applied on the steel panels by using brush. The coated steel panels were then placed in a room temperature for a week until the solvent has completely evaporated and cured before proceed for corrosion resistance test. After one week, the thicknesses of the coated panels was measured using an Elcometer thickness instrument; the coated panel thicknesses were about 120 m for polyester-epoxy-copper oxide and 140 m for polyester-epoxy-copper coating systems.
Electrochemical impedance spectroscopy EIS is the technique in which the impedance of an electrochemical system is studied as a function of the frequency of an applied a.c. wave. EIS has been successfully applied to the study of corrosion systems and has been proven to be a powerful and accurate method for measuring corrosion rates. EIS is based on surface impedance determination and is of outmost importance for controlling the integrity and quality of organic coatings (Zhang et al., 2004) . The corrosion performance of organic coatings has been widely researched via EIS. Data collected via impedance techniques can be analysed by modelling the data on known equivalent circuit which is a standard tool for the interpretation of impedance data using Bode plot. The circuits, Figure 1 which are used to model this type of data are usually composed of R s , the solution resistance, followed by a coating capacitance C c in parallel with R p or R c , the pore/coating resistance. An element called C dl (double layer capacitance) is also included in parallel with R ct (charge transfer resistance) in corroding coated metals. The coating capacitance C c is usually plotted as a function of the immersion time in solution, which increases with the uptake of water into the coating. The double layer capacitance C dl represents the wet area under the coating, which is the area in contact with the electrolyte. It is primarily affected by surface roughness and surface oxidation, and accurate measurement of this parameter is easily performed using EIS, giving an indication of any delamination which is taking place. The pore/coating resistance R c relates to the diffusion of electrolyte through the organic coating via the pore, which can affect the barrier properties of the coating; the parameter R p is the ionic resistance of the coating which is inversely proportional to the area of surface defects (pores) (Naderi et al., 2004; Dhoke and Khanna, 2012) . For systems in immersion, the water content also can be determined by electrochemical impedance. Capacitance measurements were used to calculate the amount of water that penetrates through the coating layer. The water uptake (Ø) of the coating was determined by equation below:
where C t and C 0 are the values of the capacitance at time t and time 0, respectively, and w is the dielectric constant of water ϭ 80 at 20°C. Bacon et al. (1948) have measured the resistance of Ͼ300 coating systems and determined a direct correlation between the resistance as well as the ability of the coating to protect the underlying steel from corrosion. Three general classifications, based on sustained resistance values, were established during this investigation which were categorized as good, fair and poor as in Figure 2 .
Currently, EIS is one of the most commonly reproduced methods for evaluation of coating corrosion protective properties, and it is considered as the electrochemical studies of coatings. Most coatings have resistances of about Log R ϭ 9 ohms cm Ϫ2 at the beginning of immersion, followed by a decrease in value with prolong of time. A coating system is considered as having good corrosion protection if the system can maintain a resistance of 10 8 ohm cm Ϫ2 whereas that with resistance below 10 6 ohm cm Ϫ2 will be classified as poor coating (Amirudin and Thierry, 1995; Rau et al., 2011) . EIS was conducted using a three-electrode system. The coated panel area exposed to the electrolyte solution of approximately 5 cm 2 , served as the working electrode. Saturated calomel electrode was used as reference electrode while the counter electrode was platinum electrode. The corrosion measurement was conducted throughout immersion in 3.5 per cent NaCl solutions for 30 days at room temperature. The a.c. impedance measurement was performed at the open circuit potential using a signal wave of 10 mV amplitude with frequencies varied from 300 kHz to 0.01 Hz using Gamry Instruments EIS G300. All results were taken by analysing the Bode plots obtained from the Gamry Data Analyst. The ideal and delaminated coating can be observed in Bode plots as in Figure 3 (McIntyre and Pham, 1996) . Figure 4 shows the Bode plots of the polyester-epoxy-copper oxide coating system on the 1st and 30th days of 3.5 per cent NaCl immersion whereas Figure 5 shows the Bode plots of the polyester-epoxy-copper coating system on the 1st and 30th days of 3.5 per cent NaCl immersion. The corrosion performance of these two coating systems, in terms of coating resistance, capacitance double layer and water uptake, was determined by analysing the Bode plots obtained from Gamry Data Analyst. The corrosion performance of the two coating systems was expressed in different parameters such as coating resistance (R c ) and capacitance double layer (C dl ) on the basis of measurements of the impedance values. Figure 6 shows coating resistance trend of polyester-epoxy-copper oxide coating systems during immersion into 3.5 per cent NaCl solution up to 30 days of exposure, whereas the trend for polyester-epoxy-copper coating systems can be observed in Figure 7 . Based on these two figures, it can be predicted that the samples of 90P25CuO and 90P25Cu have a higher ohmic resistance for 30 days immersion in 3.5 per cent NaCl solution. The coating resistance values of the 90P25CuO and 90P25Cu samples were found to be in the range of 10 8 ohm cm
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throughout the time of exposure, and towards the end of exposure the values were highest compared to other samples, which are 7.107 ϫ 10 8 ohm cm Ϫ2 for 90P25CuO and 5.701 ϫ 10 8 ohm cm Ϫ2 for 90P25Cu. The coatings of 90P20CuO and 90P20Cu also have good corrosion protection, as both the coating systems also achieved higher coating resistance of 6.603 ϫ 10 8 ohm cm Ϫ2 and 3.948 ϫ 10 8 ohm cm Ϫ2 , respectively. Even though other samples show decreasing trend in coating resistance, the samples still show good corrosion performance, as the samples still gained coating resistance of 10 6 ohm cm Ϫ2 at the 30 days of immersion (Mirabedini et al., 2003) . The lowest coating resistance gained by samples of 90P15CuO which shows drastically decreasing and at the end of immersion the samples only gained coating resistance of 10 5 ohm cm Ϫ2 , which can be categorised as fair coatings. Furthermore, it can be considered that a decrease in the coating resistance value of the coating systems may be due to the penetration of water and ionic movement through the coating layer, which increases the coating conductivity during the immersion. The electrolyte initially penetrates through the coating layer, and thus sets up the conducting paths at different depths within the coating (Amirudin and Thierry, 1995; Rau et al., 2011) . Moreover, the penetration is completed and the electrolyte phase meets the panel substrate and tends to activate the corrosion cell. The barrier properties of the coating decreased with increasing of immersion time, resulting in an increase in corrosion rate, possibly through the presence of pores in the coating or an increase in the area exposed at the existing pores. With further time, the coating resistance will continuously decrease, again suggesting that the reason also due to the increase in corrosion rate as the result of pore generation in the coating layers. Figures 8 and 9 show the double layer capacitance (C dl ) of the polyester-epoxy-copper oxide and polyester-epoxy-copper organic coating systems. Basically, double layer capacitance of the coating is related to the area of the substrate that is in contact with the electrolyte due to the loss of adhesion, which increases with increasing of immersion time. Obviously, it can be seen that the samples of 90P25CuO and 90P25Cu contributed to the lowest C dl values compared to the other samples while samples of 90P15CuO and 90P10Cu gained highest C dl values throughout 30 days of immersion. At the 30th day of immersion, the C dl values of 90P25CuO samples were 1.407 ϫ 10 Ϫ09 Farad while 3.935 ϫ 10 Ϫ09 Farad for samples of 90P25Cu. Meanwhile, for highest double layer capacitance of 90P15CuO and 90P10Cu, the values were 1.180 ϫ 10 Ϫ05 and 2.260 ϫ 10 Ϫ06 , respectively. High performance coating samples will show low double layer capacitance, which can be evidently seen for coating samples of 90P25CuO and 90P25Cu. However, the higher double layer capacitance will result in the higher disbonded area, which means that there are increases in corroded area under the coating as a consequence of progressive degradation. There are many factors that can lead to the increase of this double layer capacitance. Factors such as pressure of the corrosion products on the organic coating and a chemical or electrochemical gradient across the coating which can increase the number of the defects in the systems and reduce the coating resistance can also increase the double layer capacitance (van Westing et al., 1994) . The water uptake in organic coatings can be determined directly from the capacitance measurements. The coating capacitance values will increase due to water uptake which may arise from water accumulation beneath the coating. Figure 10 presents the polyester-epoxy-copper oxide coating water uptake during 30 days of immersion in 3.5 per cent NaCl, whereas Figure 11 presents the trend in water uptake for polyester-epoxy-copper samples. It is obviously shown that sample of 90P10CuO and 90P10Cu contributed to the highest water uptake at the end of immersion, indicating that the absorption and saturation of water in the coating is highest. Meanwhile, the samples of higher performance resistance 90P25CuO and 90P25Cu experienced low water uptake for the whole time of immersion and at the end of immersion, the values were 0.0084 and 0.1592, respectively. This trend was followed by samples of 90P20CuO and 90P20Cu. There are many factors that can lead to the increasing of water uptake during immersion. The two factors that may affect the water permeation through the (Mirabedini, 2000) are the crystallinity and the chain stiffness of the coating, both of which act to decrease the diffusion rate as they increase. Thus, the samples of lower water permeation experienced this kind of situation which leads to lower absorption of water into coating. However, the capacitance measurements were accounting not just for the water, but also for the uptake of chloride ions, and for the reorientation of the mode of distribution of water within the coating (Walter, 1991) . The process of degradation of a polymer coating during immersion occurs in several stages. First, water and ions penetrate into the coating, but the electrolyte penetrates preferentially in the areas with lower cross-linking density. Ion exchange processes then take place, in which the ions from the electrolyte become attached to the polymer network. This results in decreasing of coating resistance which leads to diminishing of protective capability of coating (Castela et al., 2000) . For this reason, it can be predicted that the 
Conclusions
EIS has been successfully applied to study the corrosion performances and has been proven to be a powerful and accurate method for measuring corrosion rates. EIS study showed that throughout the 30 days of 3.5 per cent NaCl immersion, the 90P25CuO and 90P25Cu coating systems obtained excellent coating performance due to the highest coating resistance, R c , lowest double layer capacitance, C dl , as well as lower water uptake, Ø, compared to other coating systems. Thus, it can be predicted that the 90P25CuO and 90P25Cu coating systems can prevent steel panels from corrosion degradation, which are practically suitable for outdoor coating applications. 
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